INTRODUCTION
By the end of 2013, 3.2 million children who were less than 15 years of age worldwide had human immunodeficiency (HIV) infection. 1 Access to antiretroviral therapy (ART) correlated with prolonged survival of children with vertically acquired HIV infection into adolescence and adulthood, and with this the development of complications previously associated with adults infected with HIV. 2 Stroke is a recognized complication of HIV infection. 3 Both ischaemic and haemorrhagic strokes occur in infected individuals. 4, 5 In the USA, between 1997 and 2006 stroke admissions declined by 7% in the general population but increased by 60% in individuals infected with HIV. 6 For children with HIV infection and cerebrovascular disease, the prevalence, aetiologies, pathogenesis, clinical spectrum, and optimal management remain unclear. 7 This report reviews the published literature, specifically focusing on HIV vasculopathy. It does not address diverse factors which can also result in cerebrovascular disease in children, such as perinatal events and post-meningitis sequelae.
METHOD
Search engines PubMed, Medline, and Cochrane Central Register of Controlled Trials were accessed using the keywords: 'stroke', 'cerebrovascular disease', 'HIV', 'AIDS', 'children', and 'adolescents'. Conference proceedings (abstracts) and the International Registers of ongoing clinical trials related to neurology, child neurology, and infectious diseases were also accessed. Additional articles were identified through the reference list of selected publications.
Using the American Heart Association and American Stroke Association updated definition of stroke, 8 the term stroke was broadly used to include central nervous system (CNS) infarction based on clinical, pathological, or imaging findings. This encompasses ischaemic stroke, which includes arterial ischaemic stroke and cerebral sinovenous thrombosis, and haemorrhagic stroke, which includes intracerebral haemorrhage (ICH), subarachnoid haemorrhage, and intraventricular haemorrhage. Articles describing silent CNS infarctions and transient ischaemic attacks were also included. Children up to 18 years of age were included. The literature was searched from 1980 to June 2015. Throughout the following text, the term stroke refers to the clinical manifestation with imaging correlation, while cerebrovascular disease relates to the inherent process which may not have clinical correlation.
Twenty-seven case reports and series (including four autopsy studies) and four larger patient cohorts 2, [36] [37] [38] (inclusive of children with cerebrovascular disease) were identified. In total, there were 74 cases of cerebrovascular disease in children infected with HIV reported to date from North and Central America (USA, Mexico), [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 37, 38 South America (Columbia, Brazil), [26] [27] [28] [29] Europe (Netherlands, France, Germany), [30] [31] [32] Africa (South Africa, Ethiopia), 2, 36 and Asia (India, Thailand). [33] [34] [35] Most reports were from the USA and reported before 2002. Table I summarizes the retrospective and cross-sectional studies.
RESULTS
Prevalence of stroke in children infected with HIV Between 1.3% and 2.6% of children infected with HIV develop stroke in clinical series, 21, 38 although a higher prevalence (4-36%) of cerebral ischaemic lesions is reported at autopsy. 39 Limited access to neuroimaging in low and middle income countries (LMIC), where the majority of children infected with HIV reside, may underestimate the extent of cerebrovascular disease; 40 for example, in a South African paediatric HIV-infection clinic, 6% (n=5/78) of those evaluated had hemiplegia.
2 These children were assessed as part of a prospective study and were not previously identified to have neurological complications.
Aetiology and pathogenesis of cerebrovascular disease in children infected with HIV
In the pre-ART era, cerebrovascular disease in people living with HIV infection was attributed to opportunistic infections, such as varicella zoster virus and cytomegalovirus, or malignancies such as CNS lymphomas and disseminated Kaposi sarcoma (Table II) . 41 Following the introduction of ART in 1996 the incidence of opportunistic infections and neoplasms declined, but cerebrovascular disease did not. HIV-1 may directly infect the wall of cerebral vessels or indirectly damage the vascular wall through an inflammatory or autoimmune response, a condition termed 'HIV-associated cerebral vasculopathy'.
HIV-associated cerebral vasculopathy
HIV-associated cerebral vasculopathy is defined as cerebral vasculopathy/arteriopathy affecting predominantly medium-sized cerebral vessels with radiological evidence of vessel stenosis, occlusion, or aneurysmal dilatation without any identifiable cause other than the HIV infection. This vasculopathy may be asymptomatic or cause stroke, encephalopathy, or cognitive impairment. 42 In some cases, 
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it may progress to resemble moyamoya syndrome with the formation of collaterals. 15 HIV-associated cerebral vasculopathy includes any abnormality of the intracranial or extracranial cerebral blood vessels that results directly, or indirectly, from HIV infection, excluding vasculitis associated with opportunistic infection or neoplastic involvement of the vessels. 39 The mechanism by which HIV induces arterial damage is largely unknown. Two hypotheses are proposed, either direct HIV-1 infection of the vessel wall or an indirect autoimmune process which induces the vasculopathy.
When HIV-1 directly infects the arterial smooth muscle of cerebral vessels, stenosis, occlusion, or dilatation of the vessels may be the outcome due to the resultant endothelial dysfunction, medial fibrosis, and thinning, damage, or loss of the muscularis and internal elastic lamina, and intimal hyperplasia of the vascular wall. 43, 44 The identification of HIV viral antigen in the intima of affected parenchymal and leptomengeal arteries using monoclonal antibodies to gp41 further supports the direct role of HIV in vascular disease. 21 Aneurysmal dilatation of the vessels results from medial thinning and loss of muscularis and internal elastic lamina within the vascular wall. This dilatation increases the risk of thrombosis and ischaemic stroke in children infected with HIV. 22, 44 Both fusiform or saccular aneurysms of the major vessels in the circle of Willis are described. 14, 37 Affected patients with a large aneurysm are at risk of both subarachnoid haemorrhage and ischaemic stroke if thrombus forms within the aneurysm. 16, 28 Massive fusiform dilatation of the vessels of the circle of Willis is associated with high viral load, and progress is arrested or reversed with initiation of ART. 34 HIV-associated cerebral arteriopathy is more frequently reported in individuals with active infection (low CD4 count or high viral load). 45 Indirect mechanisms suggested to lead to vascular disease in children with HIV-1 infection include autoimmune or inflammatory responses to systemic HIV infection. 46 An autoimmune mechanism for the vascular disease was proposed, based on separate post-mortem brain tissues of six children with HIV-1 infection. 47 Perivascular and transmural infiltrates of inflammatory cells -predominantly CD3+ and CD8+ T-cells -were detected, with no clinical or immunohistochemical evidence of opportunistic viral infections. 47 The authors proposed that the CD3+ T-cell infiltrates in the CNS of children infected with HIV may represent oligoclonal expansion of cytotoxic T-cells in the context of a vigorous anti-HIV-1 response, even though the viral loads in the CNS during this T-cell perivasculitis were low, raising the possibility of an autoimmune basis for the T-cell response. Molecular mimicry (cross-recognition of common epitomes on HIV-1 and the host protein) was suggested as a mechanism for the endothelial cell injury, the ensuing vasculopathy, and the subsequent ischaemic stroke in these children. 47 Inflammatory markers correlated with common carotid intima-media thickness in young adults with perinatally acquired HIV-1 infection, considered an increased risk for stroke, and further support an inflammation mediated mechanism. 46 
Opportunistic infections, malignancies, and comorbidities
In LMIC, the pathogenesis of cerebrovascular disease in children infected with HIV is complicated by the layering effect of multiple comorbidities associated with HIV infection, including the role of ART, co-infections, malnutrition, and iron-deficiency anaemia. 43 Opportunistic infections causing meningitides/vasculitides leading to stroke commonly occur in the setting of advanced acquired immunodeficiency syndrome, which still occurs in settings with limited access to ART. 3, 21 The commonly identified pathogens include Streptococcus pneumoniae, Haemophilus influenzae, varicella zoster virus, Mycobacterium tuberculosis, cytomegalovirus, and Cryptococcus neoformans. 38, 41, 48 Vasculitis occurs either by direct infection of the vascular wall, leading to direct vascular injury and thrombosis in the cerebral vessels, or by a systemic immune mediated mechanism. 39, 49 Primary CNS lymphoma is the most common tumour associated with stroke in children infected with HIV. 11, 21 Focal tumour infiltration of blood vessel walls results in direct vascular injury, invasion of the lumen, and focal thrombosis. 48 Other tumours, such as lymphomatoid granulomatosis and disseminated Kaposi sarcoma, are associated with stroke in adults infected with HIV in pre-ART era reports. 41 Coagulopathies which occur in some children with HIV infection include deficiencies of protein S 38 and protein C, 33 immune thrombocytopenia, 21 and thrombotic thrombocytopenia. 9 Systemic HIV infection is thought to trigger Bacterial endocarditis Marantic endocarditis HIV-associated cardiac dysfunction Antiretroviral drugs 43, 51 Protease inhibitors a In the direct mechanism, the vasculopathy is due to vessel wall invasion by the HIV. In the indirect mechanism, the vasculopathy is due to autoimmune/inflammation within the vessel wall secondary to a systemic HIV infection. CNS, central nervous system. consumptive coagulopathies and immune mediated mechanisms. 43, 50 Cardioembolism from various causes occur in children infected with HIV with stroke. 11, 43 In adults with HIV infection, cardioembolism accounts for 4% to 15% of ischaemic strokes. 39 Bacterial endocarditis, opportunistic infections (marantic endocarditis), or cardiac infection with HIV itself, a condition termed HIV-associated cardiac dysfunction, may be the explanation. 39 The role of ART in the aetiology of stroke Stroke is described in adults with HIV infection following adverse effects of ART. 43 Combination ART may increase the risk of stroke by elevating cholesterol and triglyceride levels. This indirect effect occurs more with protease inhibitors than other classes of antiretrovirals and is more pronounced after prolonged use. 51 No paediatric cases of stroke in HIV infection attributable to the adverse effect of ART were identified.
Types of cerebrovascular disease and clinical manifestations
Both ischaemic and haemorrhagic strokes occur in children with HIV infection. In the more common ischaemic strokes, infarcts occur frequently in the cerebral cortex, basal ganglia, or internal capsule usually in the territories of the middle cerebral arteries or the anterior cerebral arteries. 37, 38 Haemorrhagic strokes are mostly intracerebral 9 but subarachnoid haemorrhage is reported. 14 Of the 74 reported cases of stroke in children with HIV infection in the literature, 54 were ischaemic strokes, 10 Identification of cerebrovascular disease is challenging especially in LMIC. 40 Manifestations may be subtle or silent, or consist of neurobehavioural problems, learning difficulties or regression, which can be confused with HIV encephalopathy. 37 Others may present as transient ischaemic attacks and not be investigated, missing the vasculopathy due to limited resources and lack of recognition of events. Neuroimaging has identified moyamoya syndrome which was clinically silent or presented with recurrent transient ischaemic attacks. 15 Cerebrovascular disease in children with HIV infection does not differ from the presentation in uninfected children. Most cases are asymptomatic or present with soft signs, such as behaviour and mild cognitive impairment or transient ischaemic attacks, which do not come to medical attention and may only be recognized on neuroimaging or at autopsy. 21, 38 In overt stroke, the common clinical presentations include hemiparesis, facial weakness, seizures, aphasia, headache, or loss of consciousness. 19, 38 Stroke due to vasculopathy may be the initial presentation of HIV infection in children. 35 The age of vasculopathy presentation in children with HIV infection may vary from early infancy 35 to late adolescence. 9, 38 Cerebrovascular complications in children with HIV infection are more common in those who acquired their HIV infection during the perinatal period, thus prophylactic ART administered to pregnant females infected with HIV may provide a line of defence against HIV infection and cerebrovascular complications in their offspring. 38 
Investigation of stroke in children infected with HIV
The diagnosis of stroke is through history, clinical signs, and neuroimaging. Once a diagnosis of stroke is verified, management is directed towards acute stroke treatment, establishing the cause of stroke, management of HIV infection and related comorbidities, and secondary prevention. There are no published guidelines for managing stroke in children with HIV infection. Table III lists important investigations that are reported in the published cases of cerebrovascular disease in children infected with HIV. The investigation of stroke in children with HIV infection overlaps with that of the non-infected children, except there are additional risk factors in the HIV-infected group. In LMIC access to neuroimaging and many other investigations are limited or unavailable. The South African stroke guideline, 52 though designed for adult patients, provides guidance for basic stroke care in these settings. For children with HIV infection, screening for the viral load and the presence of opportunistic infections are priorities.
Basic investigations
Irrespective of the underlying cause, the minimum battery of tests listed in Table III should be completed. Counselling and HIV testing are required if the HIV status of the child is unknown, as stroke may be the initial presentation of HIV infection in some children. 35 For children with HIV infection, CD4 count and viral load are necessary to establish the extent of immunosuppression and the degree of virological control. 11, 49 A chest radiograph may assist the investigation of infections (particularly tuberculosis), tumours, emboli from cardiac disease, and vascular abnormalities. 39 
Infectious screen
Evaluation of infectious causes of vasculitis and stroke mimics include testing for tuberculosis, varicella, mycoplasma, syphilis, toxoplasmosis, cryptococcosis, herpes simplex virus infection, and cytomegalovirus infection using serological-, polymerase chain reaction-, or antigen-based tests. These are of special relevance to LMIC where opportunistic infections in children with HIV infection are prevalent.
The role of neuroimaging
Neuroimaging modalities including computed tomography (CT), magnetic resonance imaging (MRI), and magnetic resonance angiography (MRA) and conventional cerebral angiography are useful in diagnosing or confirming the stroke and in investigating the aetiology (Figs. 1-3) . While a limited resource in most LMIC, access to neuroimaging can be pivotal to understanding the aetiology and further investigations that are needed. In a cohort of perinatally infected children who underwent sequential neuroimaging over a 14-year period, eight developed cerebrovascular events, all due to infarction. Progression of the infarct occurred in seven of the eight patients on subsequent neuroimaging. In five of these seven patients, there were no clinical signs or symptoms suggestive of progression. 37 This would support a low threshold for proceeding to neuroimaging, since the early identification of cerebrovascular disease can have implications on patient management.
Common radiological findings in ischaemic stroke are basal ganglia-thalamic infarction, focal cerebral cortical infarction, and internal capsule infarction. 37, 38 MRA often reveals stenosis, segmental occlusion, or aneurysmal dilatation of the major vessels of the circle of Willis especially the M1 segment of middle cerebral arteries, distal internal carotid artery, and proximal anterior cerebral arteries. 37 Serial imaging studies may reveal progressive occlusion of the vessels with the development of collateral circulation. 15 Radiological features of HIV-1 encephalopathy, namely cortical atrophy, ventricular dilatation, basal ganglia calcifications, and periventricular white matter hyperintense T2 signals may be seen. 37 
Other specific investigations
The patient's history, physical findings, and results of initial investigations may direct what further investigations are done. In most regions of Africa, these additional inves- Further investigations undertaken as guided by outcomes of basic investigations, history, and clinical examination. In most regions of Africa these investigations would not be accessible, due to capacity, availability, and cost.
b Of especial relevance in LMIC where HIV is prevalent.
c To support features consistent with systemic lupus erythematosus. d To screen for evidence of mitochondrial pathology, such as mitochondrial encephalopathy with lactic acidosis and stroke-like events. e To exclude homocystinuria. PCR, polymerase chain reaction; VZV, varicella zoster virus; RPR, rapid plasma reagent test for syphilis; TPHA, Treponema pallidum hemagglutination assay test for syphilis; VDRL, venereal disease research laboratory test for syphilis; HSV, herpes simplex virus; CMV, cytomegalovirus; CSF, cerebrospinal fluid; HHV, human herpes virus; PTT, partial thromboplastin time; PT, prothrombin time; INR, international normalized ratio; SPECT, single-photon emission computed tomography; PET, positron emission tomography.
tigations may not be accessible due to capacity, availability, and cost. Further cardiovascular workup, when indicated, include an MRA of the neck to outline the carotid and vertebral arteries, and abdominal ultrasound to identify renal vessel abnormalities. 53 For haemorrhagic stroke, clotting profile is needed. 9 For suspected thromboembolic events, coagulation screen should include protein S, protein C, antithrombin III, factor V Leiden, antiphospholipid antibodies, and anticardiolipid antibodies. 33, 38 Brain biopsy can identify emboli, features of vasculitis, or additional pathology, such as concomitant mycobacterial or fungal infection, lymphoma, or viral inclusions. 53 While undertaking this invasive investigation is unusual, when other screens have failed to elucidate an aetiology, this intervention can be considered. 54, 55 Treatment of stroke in children with HIV infection Ideally, affected children should be managed in a stroke unit equipped with skilled personnel and facilities for comprehensive assessment of medical problems, impairments, and disabilities. Established pathways and management protocols are needed for the acute and post-acute management of stroke coordinated by a multidisciplinary team of physicians, nursing staff, therapists, social workers, and psychologists. 52 In resource-limited settings, such as in sub-Saharan Africa, shortages in skilled personnel and pressure for hospital beds preclude such an establishment even at tertiary level hospitals. In South Africa, adult stroke units exist which could serve as models for the reorganization of existing resources to provide more effective stroke care without necessarily incurring additional cost. 52 
Basic interventions
Basic supportive interventions include temperature control, normalization of oxygenation and serum glucose concen- Review 457 tration, correction of anaemia, and rehydration. 56 Systemic hypertension and seizures should be controlled. Low platelet counts and factor deficiencies should be corrected and vitamin K administered for vitamin K-dependent coagulation disorders. 56 Children with HIV infection often suffer macro-and micronutrient deficiencies due to chronic illness and poor social circumstances requiring comprehensive management.
Acute thrombolysis for ischaemic stroke
There are no reports on the use of intravenous tissue plasminogen activator for acute ischaemic stroke in children with HIV infection. Experience of using intravenous tissue plasminogen activator in adults with HIV infection with ischaemic strokes indicate that their risk of death is similar to patients without HIV infection treated with intravenous tissue plasminogen activator. 57 
Anticoagulation
The safety and efficacy of low molecular weight heparins has not been evaluated in children with HIV infection with ischaemic stroke. 56 The concomitant use of warfarin and ART requires monitoring of the international normalized ratio, because warfarin is metabolized by the CYP450 system and interactions are reported with protease inhibitors and non-nucleoside reverse transcriptase inhibitors. 58 
Antiplatelet agents
Aspirin may decrease the risk of further infarctions. 56 There are no specific interactions with ART but Reye syndrome remains a concern. 43 Other antiplatelet agents have not been trialled in children with HIV infection.
Initiation of ART
The initiation of ART leads to a decreased viral load and sometimes an improvement in the arteriopathy, with or without corticosteroids. 53, 59 Prior to initiating ART, opportunistic infections should be treated to prevent immune reconstitution inflammatory syndrome occurring. 12 
Surgical procedures
Surgical evacuation of intracranial haematomas is undertaken to reduce intracranial pressure. 34 Ventricular drainage and, if indicated, ventroculo-peritoneal shunting for progressive hydrocephalus may be necessary. 56 More complex neurosurgical interventions are not routine. Surgical revascularization procedures could be an option for children with moyamoya syndrome and those who continue to have cerebrovascular dysfunction despite optimal medical management. 56 In young children, where direct anastomosis procedures are technically difficult due to the small scalp donor vessels, or the middle cerebral arteries recipient vessels, an indirect revascularization procedure is reported to be effective in non-infected children, through drilling burr holes, without vessel synangiosis and craniotomy, with inversion of the dura in order to enhance new dural revascularization of the brain. 56 Focused vascular surgeries are reported with successful outcome. Pipeline embolization device, a recently approved wire mesh cylindrical implanted device which is placed within an artery in the brain to treat aneurysms, successfully treated an adult patient with HIV who presented with ischaemic stroke and three fusiform cerebral aneurisms. 60 The pipeline embolization device allows flow diversion in patients when aneurysm location precludes parent vessel sacrifice or surgical bypass. 60 
Stroke rehabilitation
Early initiation of rehabilitation is recommended by a multidisciplinary team of experienced therapists. The ultimate goal of rehabilitation is to enable children to resume their premorbid function within their families, communities, and schools. In children with significant permanent disabilities, goals target reduction of the burden of care for the family and helping the child to become as independent as possible. In those with severe strokes and poor recovery, caregivers should be trained by the multidisciplinary team. Institutionalization may be required for children with very poor prognosis. Such crucial decisions should involve all parties and consider financial and social circumstances. 52 In LMIC, community-based rehabilitation or step-down facilities are employed especially in patients who are stable. 52 
Clinical outcome of stroke in children with HIV infection
Variable outcomes are reported in children with HIV infection with stroke. In some patients with ischaemic stroke who are treated with aspirin and initiated on ART, improvement with no new infarcts is reported, 12, 30, 33 but ongoing focal neurological deficits, 31 progression of symptoms, 13 and stroke recurrence are also documented. 11, 15, 31 Fatal outcomes at presentation are more commonly reported with haemorrhagic stroke. Among four reported cases of subarachnoid haemorrhage, three died at presentation. 16, 17, 28 Two patients with ICH who had surgical evacuation of the haematoma died during the post-operative period.
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SUMMARY
Children with HIV infection are at increased risk of stroke. The frequency is underestimated because access to neuroimaging is limited and cerebrovascular disease may be clinically silent or subtle, manifesting as behavioural change or cognitive regression and mislabelled as HIV encephalopathy.
The pathogenesis of cerebrovascular disease in HIV is complex. HIV-associated cerebral vasculopathy may result from direct HIV-1 infection of cerebral vessels or be caused by an indirect process of an autoimmune vasculitis secondary to the systemic infection. The effects of co-infections, comorbidities, and the side effects of ART are important.
Management should focus on optimizing HIV virological control and exclusion of opportunistic infections. Where possible, ART with adverse atherosclerotic side effects should be avoided. Basic interventions are important in the acute management. In the long term, secondary aspirin prophylaxis may be protective. The role of more complex interventions, such as neurosurgery, is unclear.
